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Stable excitons in semiconductor monolayers such as transition-metal dichalcogenides (TMDCs)
enable and motivate fundamental research as well the development of room-temperature optoelec-
tronics applications. The newly discovered layered magnetic materials present an unique opportunity
to integrate optical functionalities with magnetism. We predict that a large class of antiferromag-
netic semiconducting monolayers of the MnPS3 family exhibit giant excitonic binding energies,
making them suitable platforms for magneto-optical investigations and optospintronics applica-
tions. Indeed, our investigations, based on first principles methods combined with an effective-model
Bethe-Salpeter solver, show that excitons in bare Neel-MnPS3 are bound by more than 1 eV, which
is twice the excitonic energies in TMDCs. Furthermore, the dependence of the excitonic energies
on magnetic ordering is proposed as a tool for investigating the antiferromagnetic structure of these
materials.
The research on the atomically thin materials has
emerged to be one of the most active topics since the
discovery of graphene. The family of two-dimensional
(2D) materials has grown rapidly and now includes a
broad class of structures including metals, semimetals,
semiconductors, insulators, and topological insulators.
Just recently in 2017, the magnetic materials have been
added to the family of 2D crystals, when the intrinsic
ferromagnetism was experimentally reported for CrI3 [1]
and Cr2Ge2Te6 [2]. This breakthrough triggered the in-
terest in searching for other 2D materials with intrinsic
magnetic ordering [3–6]. The 2D magnetic materials are
crucial for both fundamental physics point of view and
technological applications such as non-volatile storage de-
vices and possess capabilities for spin injection, filtering
and detection on atomically thin scale.
One of the sources of 2D magnetic materials are van
der Waals layered magnets [5], consisting of the verti-
cally stacked layers, weakly bonded via van der Waals
forces. These weak forces enable the low cost fabrication
of 2D magnets by using mechanical exfoliation technique
instead of more sophisticated molecular beam epitaxy
method. Combining two different types of 2D materials
may result in new phenomena or new features, not pre-
sented in individual layers constituting the heterostruc-
ture [7–11]. Similarly, combining various 2D magnets
in vdW heterostructures may result in exotic spin tex-
tures and new properties not exhibited in adjacent layers
leading to new types of spintronic devices that could be
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potentially applied in communication, sensoring or data
storage.
The metal phosphorus trichalcogenides (MPX3, with
M = V, Cr, Mn, Fe, Co, Ni etc. representing the tran-
sition metals and X = S, Se, Te the chalcogen atoms)
are one of the examples of vdW magnets, which have
been widely studied in the bulk form in the 80s and 90s
of the last century [12, 13]. This class of materials ex-
hibit intrinsic antiferromagnetism (AFM), with diverse
magnetic configurations of the transition metal ions [14],
such as MnPS3 with the Neel Temperature of 78 K [15].
monolayers relatively stable in air [16–18]
In this study, we systematically investigate various
magnetic states of bulk and monolayer MnPS3 as repre-
sentative material of magnetic vdW layered MPX3 sys-
tems. Starting from first-principles calculations based on
the DFT+U scheme, we identify the position in k-space
of the conduction (valence) band minima (maxima) and
their (anisotropic) effective masses. Furthermore, we de-
termine material specific static dielectric constants and
polarizabilities, the building blocks for the screened the
electron-hole interaction. The impact of the U parame-
ter is also investigated, showing moderate impact on the
physical properties. Finally, using the calculated DFT
quantities combined with the versatile formalism of the
effective BSE, we explore the exciton binding energies.
Our calculations reveal that excitons in bare monolayer
Neel-MnPS3 are bound by more than 1 eV, exceeding the
values of typical TMDCs.
DFT+U calculations.—We consider the impact of the
various magnetic states: AFM-Neel (AFM-N) which is a
groundstate [19–21], and other metastable states: AFM
zigzag (AFM-z), AFM-stripy (AFM-s) and ferromag-
netic state (FM) on the character of the band gap, the
band alignments, and the position of the band extreme,
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2FIG. 1. Summary of the electronic structure calculations. Primitive (green parallelogram) and extended (red rectangular)
supercells for monolayer structure alongside with theirs corresponding first Brillouin zones (BZ) are presented in (A). The
rectangular supercell has been chosen for the comparison between the AFM-N and AFM-s bands structures (U =3eV) with
band projections of Mn atoms (B). The 3d orbital projections are plotted in green and for the spin up channel. In the case of
the bulk, the primitive cell has been chosen with corresponding BZ (C), and obtained for U=5 eV. Note, that the (D) electronic
structure of the bulk (AFM-N) is presented with inclusion of high symmetry points (red points in (C)) as well as non-special
k-points (valence band maximum (VBM) and conduction band minimum (CBM) indicated as a black balls in (C)). The red
arrows denote band gaps. Note, that the difference between the indirect (ID, slanted arrow) and direct (D, straight arrow)
band gaps is just few tens of meV (for the exact values see SM) for magnetic ground state of bulk. In figure (F) the in-plane
components of the effective mass tensor for both ML and bulk, calculated for hole and electrons, as well as for all employed
here magnetic states (explained in E) are presented. For the clarity of the results, we present the effective masses of the carriers
obtained for U= 5eV.
namely valence band maximum (VBM) and conduction
band minimum (CBM). In order to account for various
magnetic states of MnPS3 laterally rectangular super-
cell was chosen (see Fig. 1 (A)). Generally, our results
demonstrate that the monolayers with various magnetic
orderings exhibit the direct band gap lying at the high-
symmetry point K in Brillouin zone (BZ), which is consis-
tent with previously reported result for the ground state
[20] (see Fig. 1 (B)). The differences in the band align-
ments, band crossing or the curvature of the bands near
the VBM and CBM between the AFM-N and AFM-s
magnetic configurations are clearly visible (see Fig. 1
(A)). Note, that both VBM and CBM regions are com-
posed of 3d states coming from Mn ions. In addition, the
position of the VBM and CBM for the monolayer is not
affected by the U parameters employed in this study, as
well as magnetic state (for the details see Supplemental
Material (SM), where the comparison with hybrid func-
tional HSE06 is presented).
Let us now focus on the bulk MnPS3 calculations and
revisit the present knowledge about the bulk electronic
structure of this system. The electronic band structure
for the magnetic ground state (AFM-N) is presented in
Fig. 1(D) along particular k-path, with the position of
the VBM and CBM indicated by the black balls in 1(C).
The indirect band gaps are obtained for all magnetic
states and for both U values (see Table S3). However,
bands close to the Fermi level are very flat and therefore,
the difference between the indirect and direct band gaps
are very small, e.g. for AFM-N is just 13 meV for U= 3eV
(17 meV for U= 5eV), thus, from here on, we name it as
quasi-direct band gap systems. Note, that the band ex-
trema are located in non-special k-points. However, e.g.
for AFM-N, VBM is in close proximity to K high symme-
try point, whereas the CBM is close to F high symmetry
k-point (see Fig. 1 (C)). The exact coordinates of high
symmetry k-points, as well as the positions of VBM and
CBM for all employed magnetic states for the bulk are
collected in Table S1 and Table S3, respectively. Note,
that the position of the bands extrema are independent
on the Hubbard U parameter.
By properly identifying the band extrema, we can then
extract the effective mass tensor for monolayer and bulk
structures, and for all employed magnetic orderings (see
Fig. 1 (C)). The effective masses depend strongly on
the magnetic configurations. Namely, the smaller values
are obtained for FM state than the masses obtained in
the case of AFM configurations. For the AFM arrange-
3ments, the differences from few tens to few hundredths
of the rest electron mass are visible. In addition, the ef-
fective mass of holes are approximately two times heav-
ier than effective mass of electrons (the exact values for
ML and Bulk are given in Table S2 and Table S3, re-
spectively). Note that, the differences between the bulk
and monolayers effective masses are negligible (see Fig.
1 (C), where the masses m
‖
2 are determined along the
[010] reciprocal principle axis), reveling that the mutual
layered interactions of vdW-type, do not alter the cur-
vature of the valence and conduction band edges. It is
worth to mention, that in the case of the monolayer sys-
tems, the obtained principle reciprocal axes coincide with
the Cartesian reciprocal axes, whereas in the case of the
bulk systems only m
‖
2 is parallel to [010] crystallographic
direction, the other two are shifted (for the details see
SM and explanation therein). In addition, the effective
masses depend on Hubbard U parameter. Generally, the
smaller effective masses are obtained for U= 5eV in com-
parison to U= 3eV, which has an origin in the position of
the d -states, namely, the U values push the d -states away
from the Fermi level (for the details see SM). In addition,
the anisotropic behaviour of the in-plane components are
observed especially for AFM-s, AFM-z for ML as well as
for the bulk systems (for the details see SM).
Besides the electronic properties, we also investigate
the static dielectric properties of the studied systems.
The in-plane components of static dielectric constants
are isotropic for both monolayer and bulk systems. Gen-
erally, the static dielectric constants are independent on
magnetic ordering, and the slight dependence on Hub-
bard U is obtained (up to 5 % difference between the
U= 5eV and U= 3eV). Note, that the layered MnPS3
material has substantially weaker screening (ε‖ = 7.75
and ε⊥ = 5.88 for U= 3eV, see the Table S4) than MoS2
layered system with components of dielectric constants
equal to ε‖ = 15.4 and ε⊥ = 7.43 [22]. In addition, the
out-of-plane components are lower than the correspond-
ing in-plane ones for the bulk system, similarly like for
the other layered materials. It is crucial to mention, that
the dielectric tensor is well defined for the bulk materials.
In order to compare the results obtained for the bulk and
monolayer systems, we calculate the 2D polarizability χ‖
as it was recently proposed in Ref. [23] ε(Lc) = 1+
4piχ‖
Lc
,
where we neglect the higher order terms and ε is the in-
plane dielectric constant, whereas the Lc is the interlayer
separation between two adjacent layers in the supercell.
Note, that this relation allows to obtain in-plane polar-
izability also for bulk materials (Lc=c/2, c is is a lattice
constant). Our results reveal that polarizability does not
depend on the magnetic state, and the values are greater
for the bulk then monolayers, by few percent, reveling
slightly greater screening length for bulk materials (e.g.
AFM-N U= 3eV, χ
‖
BULK = 3.45A˚ vs χ
‖
ML = 3.66A˚).
The latter is approximately two times lower than ob-
tained for other layered materials such as MoS2 (6.60
A˚), WSe2 (7.18 A˚) or MoSe2 (8.23 A˚) [23]. In addition,
the Hubbard U parameter does not change the picture
qualitatively, but systematically lowers the value by few
percent for U= 5eV in comparison to U= 3eV.
Aforementioned results reveal negligible impact of
magnetic state and the Hubbard U parameter on the
screening properties of MnPS3. Thus, indicating that
the screening is done mostly through p, s orbitals (U
parameter only affects the d states). In addition, this
is in line with the common knowledge concerning the d
orbitals, which exhibit weak screening behaviour.
Excitonic properties.—An exciton is the bound state
formed by an electron and a hole, thus, an intrinsic many-
body phenomena. One possibility to account for the
electron-hole interaction is to employ the Bethe-Salpeter
equation (BSE) [24, 25]. Although capable of describ-
ing realistic optical spectra, the full implementation of
the BSE within first principles (using DFT energies and
wavefunctions, for instance) requires a high computa-
tional cost. However, it is possible to bypass these dif-
ficulties by considering effective models, parametrized
by ab initio calculations. For instance, it has been re-
cently shown that using the BSE approach with effec-
tive models for the band structure and for the screened
electron-hole interactions, it is possible to obtain reliable
results for excitons in monolayers (TMDCs and phos-
phorene, for example) [26–31] and proximitized TMDCs
in vdW heterostructures[10, 32–34]. Particularly in the
context of magnetic systems, the successful combination
of DFT+U calculations and the effective BSE formal-
ism in TMDC/CrI3 systems by Zollner et al.[10] provided
reliable estimations of the valley Zeeman proximity ex-
change in the optical spectra of WSe2/CrI3[35, 36] and,
more interestingly, of the linear dependence with respect
to out-of-plane electric fields in MoSe2/CrBr3[37].
To investigate the band-edge excitons in bulk and
monolayer MnPS3 we then use the versatile formalism of
the BSE with effective models [25, 30, 38], which allows
the exciton calculations with general band dispersion and
electrostatic potentials, either for direct or indirect exci-
tons. Particularly, we treated the conduction and valence
bands with anistotropic quadratic dispersion, i.e., differ-
ent effective masses along the different axes (see SM).
The electron-hole interaction for monolayers is mediated
by the Rytova-Keldysh potential [39, 40], which requires
the screening length of the 2D material and the effec-
tive dielectric constant, ε, of the surroudings to simulate
effects of the substrate and/or encapsulation. For the
bulk case, electrons and holes interact via the anisotropic
Coulomb potential [41] which requires the static dielec-
tric constant along the different directions of the crystal.
Thus, in summary, in the effective BSE description the
excitonic properties are determined by two parameters:
the effective masses in conduction and valence bands,
and the static dielectric function (in bulk systems) or
the screening length (in the monolayer). These proper-
ties are discussed in the DFT section. For the explicit
form of the BSE, band dispersion, electron-hole poten-
tials, parameters and computational details, see Sec. I
4B. in the Supplemental Material.
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FIG. 2. Summary of the exciton binding energies, EB (be-
low the band gap), for the different AFM and FM phases
in monolayer and bulk MnPS3. For the monolayer we show
the evolution of EB as a function ofthe dielectric screening of
the surroundings. The values for air/vacuum, SiO2[26] sub-
strate and hBN encapsulation [42] are indicated by vertical
lines. The inset on the top right corner shows the difference
of EB for U= 3eV and U= 5eV. As a representative exam-
ple of TMDC monolayers, we show EB for WSe2 (taken from
Ref .29). The range of calculated values of EB for bulk MnPS3
is shown by the shaded region. Values for typical bulk com-
pounds are also shown for comparison: EB = 4.2 meV for
GaAs zinc-blende [43], EB = 25.2 meV for GaN wurtzite [44]
and for bulk TMDCs ranging from 50 to 80 meV [45–48]. For
the bulk EB, the x-axis is meaningless.
In Fig. 2 we summarize our findings for the exciton
binding energies (EB). Our calculations revealed that EB
in bare (ε = 1) monolayer MnPS3 is quite large, reaching
values slightly above 1 eV for the AFM-N phase. The
other phases also show sizeable values: the EB of AFM-z
has nearly the same value as the EB of AFM-N while the
EB of AFM-s (FM) phase is approximately 50 (150) meV
smaller than the EB AFM-N phase. These energy differ-
ences between the different phases remain quite similar
in the range of effective dielectric constant of the envi-
ronment. Furthermore, changing U from 3eV to 5eV pre-
serves the same energetic ordering of EB for the different
phases (the effect of U in the EB is around tens of meV,
shown in the inset of Fig. 2). These values are around
twice the values of the binding energies in conventional
TMDCs (such as WSe2, as shown in Fig. 2). The val-
ues of EB for the bulk case are also shown in Fig. 2 to
compare with the values of the monolayers, even though
the x-axis (dielectric constant of the surroundings) has
no meaning. We found EB in the range of 90 to 180
meV considering the different phases and values of U=
3eV and U= 5eV. All the calculated values for EB in the
monolayer and bulk cases are collected in Table S6 and
Table S5, respectively.
Conclusions.— To sum up, all employed in this study
magnetic orderings of monolayer systems exhibit the
direct band gap, laying at K high symmetry points,
whereas the bulk systems show the quasi-direct charac-
ter of the band gap with the moderate impact of the
magnetic orderings on the position of the valence band
maximum and conduction band minimum, lying along
non-special k-points. Moreover, a strong impact of the
magnetic orderings on the effective masses of carriers are
obtained. Generally in-plane components of the effec-
tive mass tensor of bulk systems and meta stable anti-
ferromagnetic cases of monolayer exhibit anisotropic be-
haviour.
The key result of our studies demonstrates, that the
binding energies are large in comparison to the other lay-
ered semiconductors such as TMDs, for both monolayer
and bulk limits. In particular, 1 eV binding energy is
obtained for the bare monolayer system, which is around
twice time greater than corresponding exciton binding
energy obtained for WSe2. Moreover, the binding energy
of the excitons are one order of magnitude greater than
the monolayer ones, which is in the line with the results
reported for the other vdW layered materials. In addi-
tion, the moderate impact of the Hubbard U parameter
on the effective masses of the carriers and binding energy
of the excitons are observed. The aforementioned results
indicate that the magnetic ordering might be inferred
indirectly from the absorption onset in optical measure-
ments.
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I. COMPUTATIONAL DETAILS
A. DFT calculations
The bulk MnPS3 compound exhibits the monoclinic
space group symmetry C2/m. We have chosen the small-
est possible supercell which reflects the particular mag-
netic configuration. Namely, AFM-N and FM arrange-
ments can be represented in primitive unit cell (10 atoms
in the supercell, denoted in Table II A as ”p”), whereas
the AFM-z and AFM-s extended (laterally rectangular
supercell is used, consists of 20 atoms, denoted in Ta-
ble II A as ”e”). The basis vectors and corresponding
reciprocal lattice vectors are collected in Table S1.
The calculations are performed in the framework of
spin-polarised density functional theory (DFT) as im-
plemented in VASP package [49, 50]. The PerdewBur-
keErnzerhof (PBE) exchangecorrelation functional is em-
ployed. The electron-ion interaction is modeled using
projector augmented wave (PAW) pseudopotentials. The
kinetic energy cutoff for the plane-wave expansion of
the pseudo-wave function is set to 400 eV. A k-mesh of
10×10×2 for ML ”p”, 10×6×2 for ML ”e” (10×10×9 for
bulk ”p”, 10×6×9 for bulk ”e”) are taken to sample the
first Brillouin zone (BZ) on Γ-centered symmetry reduced
Monkhorst-Pack meshes using a Gaussian smearing with
σ=0.05 eV. However, in the case of the density of states
(DOS) and frequency dependent function ε(ω) the tetra-
hedron method was employed along with the denser k-
point grids for laterally rectangular supercell 20× 12× 1
(ML ”e” supercell) and 20×12×18 (bulk ”e” supercell),
which was checked to be sufficient in convergence tests.
The weak van der Waals forces are taken into ac-
count following the method of Grimme [51] with DFT-D3
parametrization [52]. In order to model the monolayer,
a 25A˚ of vacuum is added to avoid spurious interactions
between replicates. The lattice parameters are fully op-
timized for given magnetic state. All of the atoms are
relaxed until the maximal force per atom was less than
10−3 eV/A˚, and the maximal component of stress ten-
sor is less than 0.3 kbarr for monolayers and 0.05 kbarr
for bulk structures. A collinear arrangement of spins are
assumed without inclusion of spin-orbit interaction.
DFT+U formalism proposed by Dudarev [53] is em-
ployed to properly characterize on-site Coulomb repul-
sion between 3d electrons of Mn ions, by using effective
Hubbard U. For each of the U, we have fully optimized
lattice parameters.
In order to account for the anisotropic properties of
the studied systems, we calculate the effective mass (m∗)
tensor defined as:(
1
m∗
)
ij
=
1
~2
∂2En(~k)
∂kikj
, i, j = x, y, z (S1)
where En(~k) is a dispersion relation for the n-th elec-
tronic band. The second derivatives are computed nu-
merically using finite difference method, on a five-point
stencil grid as implemented in the code [54]. Then, the
effective mass tensor is diagonalized, and hence its com-
ponents: m∗1, m
∗
2, m
∗
3 are determined along three princi-
ple axes in reciprocal space.
The static dielectric constant of a material is an impor-
tant parameter in many aspects of materials properties.
It is defined as a real part of the dielectric function in a
static limit ε = limω→0 ε1(ω). The static dielectric tensor
is calculated in the Independent Particle (IP) approach
excluding Hartree potential and local fields effects on the
DFT level (here PBE+U) εLRIP [55]
B. Exciton calculations
The excitonic binding energies (shown in Fig. 2 of the
main text) are obtained via the effective Bethe-Salpeter
equation (BSE)[25, 30, 38]. Considering excitons aris-
ing from one conduction and one valence band with
(anisotropic) parabolic dispersion, the BSE can be writ-
ten as[
∆cv(~k)− ΩN
]
AN (~k)−
∑
~k′
V(~k,~k′)AN (~k′) = 0 , (S2)
in which ∆cv(~k) = Ec(~k) − Ev(~k), Ec(~k) and Ev(~k) are
the conduction and valence bands that constitutes the
2exciton (in principle, from different points of the Bril-
louin zone), ΩN and AN (~k) are the energy and the en-
velope function of the N -th exciton state, respectively,
and the electron-hole interaction is given by the poten-
tial V(~k,~k′). Although the BSE given in Eq. (S2) is gen-
eral and applies to the monolayer and bulk cases, the
energy bands and electron-hole interaction potential are
different for each case. For example, in monolayers the
wavevector ~k is a two-dimensional vector restricted to the
plane and Ec(~k), Ev(~k) and V(~k,~k
′) (the Rytova-Keldysh
potential[39, 40]) take the specific form
Ec(~k) = Ec +
~2
2me
(
k2x
m∗c,x
+
k2y
m∗c,y
)
,
Ev(~k) =
~2
2me
(
k2x
m∗v,x
+
k2y
m∗v,y
)
,
V(~k,~k′) =
1
A
e2
2ε0
1
ε
∣∣∣~k − ~k′∣∣∣+ r0 ∣∣∣~k − ~k′∣∣∣2 , (S3)
in which ~ is the Planck’s constant, m0 is the free
electron mass, Ec is the band edge of the conduction
band, m∗c(v),x(y) is the effective mass of conduction (va-
lence) band along the kx (ky) directions, A is the unit
area, e is the electron charge, ε0 is the vacuum per-
mittivity, r0 is the screening length of the 2D material
(r0 = 2piχ
‖
ML), and ε is the effective dielectric constant
that takes into account the dielectric screening of the
surroundings (ε = 1 is a monolayer in vacuum). For the
bulk case, the wavevector ~k is a three-dimensional vector
and Ec(~k), Ev(~k) and V(~k,~k
′) (the anisotropic Coulomb
potential[41]) are then given by
Ec(~k) = Ec +
~2
2m0
(
k2x
m∗c,x
+
k2y
m∗c,y
+
k2z
m∗c,z
)
,
Ev(~k) =
~2
2m0
(
k2x
m∗v,x
+
k2y
m∗v,y
+
k2z
m∗v,z
)
,
V(~k,~k′) =
1
V
e2
ε0
{x,y,z}∑
a
εaa (ka − k′a)2
−1 , (S4)
in which V is the unit volume, εaa is the static dielec-
tric constant along the a direction (a = {x, y, z}, and
particularly, εxx = εyy 6= εzz).
We solved the BSE numerically considering a k-grid of
−kL to kL in every dimension sampled with (2Nk + 1)n
with n = 2 for monolayers and n = 3 for bulk. The final
values of the exciton binding energies are then obtained
using a linear extrapolation of the values calculated in
the k-grid sampled with different number of points. For
instance, in the monolayer case we used kL = 0.6
−1 and
Nk = {60, 61}. In the bulk case, we used kL = 0.5 −1
and Nk = {19, 20}. All the numerical inputs for the
BSE, i.e., effective masses and dielectric constants are
extracted from the first-principles calculations performed
here. Particularly, the values for the effective masses for
the monolayer case are taken from Table S2. The effective
masses for the bulk case are taken from Table S3 and
rotated to the kx, ky and kz using the angles, also given
in the table. The values for the 2D polarizability of the
monolayers, χ
‖
ML, and the bulk static dielectric constants
are given in Table S4.
II. RESULTS
A. DFT studies.
The choice of the U parameter. The standard
exchange-correlation functionals such LDA, GGA are
known to inadequately describe strongly correlated sys-
tems which contain transition metals (3d states), as
well as are known to underestimate the bands gaps of
semiconductors. In order to correctly describe the 3d
states of Mn ions, we used DFT+U formalism proposed
by Dudarev [53], where exchange coupling J is consid-
ered via an effective Hubbard Ueff coupling constant
Ueff = U − J , denoted throughout the paper as U. The
DFT+U method is essentially empirical, in the sense that
U parameter must be provided. It is worth to mention
that there is no standard procedure of obtaining U value
for strongly correlated materials.
Firstly, we present how the band gaps depend on the
Hubbard U parameter, for the magnetic groundstate
(AFM-N) (see Fig. S1). Note, that the band gap in-
creases as a function of U, approaching the maximal val-
ues of 2.9 eV, for nonphysically high value of U=10 eV.
Note, that it is not possible to chose the parameter U,
for which the band gap would approach the experimental
value for the bulk 3.0 eV [56], or it would be equal to the
band gap obtained from hybrid functional HSE06, which
is equal to 3.26 eV for monolayer (similar value have been
reported previously [21]). In the case of the exciton cal-
culations employed in this study, the crucial issue is the
dispersion of the bands near the Fermi level. Thus, we
present the comparison between the electronic structure
obtained for using hybrid functional HSE06 and two dif-
ferent values of Hubbard U, namely, U=3 eV and U=5
eV (see Fig. S2). Despite the fact, that the band gap in
DFT+U approach is underestimated, however, the dis-
persion of the bands looks similar, especially for the case
of U=3 eV, in comparison to HSE06 functional, similar
results have been reported recently in [57]. Thus, the
U=3 eV have been chosen for the further calculations,
and also U=5 eV for the comparison purposes and to as-
sess the impact of U parameter on physical properties.
Electronic properties. The summarized results of elec-
tronic properties for monolayers and bulk systems in re-
spect to employed here magnetic states are collected in
the Table S2 and Table S3, respectively. The dielectric
3FIG. S1. Dependence of the band gap on the Hubbard U pa-
rameter obtained for the ground state of the monolayer. The
dotted red line indicates the result obtained for the monolayer
and using hybrid functional HSE06.
FIG. S2. Bands projections of the 3d Mn states for: (A)
HSE06 hybrid functional,(B) Hubbard U=3 eV, and (C) U=5
eV for the magnetic ground state of ML.
properties of MnPS3, for both ML and bulk systems are
listed in the Table S4. In order to determine the VBM
and CBM of the bulk systems, we precisely probe the half
of an entire first BZ zone, to directly show from which
k-points the transition occurs. The exact coordinates of
the valence band maximum and conduction band mini-
mum are listed in Table S2. Our results reveal that the
bulk MnPS3 is a wide semiconductor [20, 56, 58], and
the predicted band gap for the groundstate (AFM-N) is
consistent with previously reported values for the bulk
[21]. Moreover, the band gaps depend on the magnetic
orderings of the Mn ions (see Tables S2 and S3), namely,
differ from few tens to few hundredths of electronovolts
from each other, independently of U parameter. The
smallest band gap is obtained in case of AFM-s spin con-
figuration. In addition, the band gaps of bulk are smaller
than monolayer ones approximately hundredths of meV,
which is consistent with band gap trend of the other lay-
ered materials. The similar dependence of Hubbard U on
the band gaps are observed for the monolayer and bulk
systems.
In the case of the effective mass calculations, it is worth
to mention, that for the monolayer systems, the princi-
ple reciprocal axes coincide with the Cartesian recipro-
cal axes, and the m∗1 and m
∗
2 components can be con-
sidered as in-plane (001) components (within the layer)
denoted here as m
‖
1 and m
‖
2, respectively. Note, that m
∗
3
is out-of-plane (001) component (out of the layer) de-
noted as m⊥3 and for all monolayer systems approaches
infinity and thus, it not presented. However, for the bulk
case, only m∗2 can be considered as in-plane (001) com-
ponent (m
‖
2), the other two m
∗
1, m
∗
3 are shifted from
[100] and [010] crystallographic directions in reciprocal
space, respectively. In addition, the AFM-z and AFM-s
magnetic configurations exhibit the anistropic behaviour
of in-plane effective masses. For AFM-s and AFM-z
cases, the in-plane [100] direction can be considered as
lees mobile carrier direction (heavier carriers), than for
[010] crystallographic direction, indicating the differences
of the conductivity that could be measured within the
monolayer plane. Note, that the in-plane components
of effective masses can reveal the structural symmetry of
MnPS3, namely them
‖
1 = m
‖
1 can indicate the presence of
hexagonal symmetry for FM, AFM-N cases, whereas the
m
‖
1 6= m‖1 breaking of this symmetry observed in AFM-s,
AFM-z cases.
B. Exciton binding energies
Here we provide the exciton binding energies for bulk
and monolayer MnPS3. Although we provide the exciton
binding energy as a positive value, it lies below the single-
particle band gap.
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6TABLE S1. The BZ is spanned by three reciprocal lattice vectors ~b1, ~b2 and ~b3 constructed from the basis vectors ~a1, ~a2 and
~a3. The coordinates of high symmetry K point are presented in last column, and given in reciprocal lattice vector basis for
particular supercell (RLV). In the case of monolayer c→∞, and p→ 0.
supercell ~a1 ~a2 ~a3 ~b1 ~b2 ~b3 K point [in RLV]
ML ”p” (a/2 -
√
3a/2 0) (a/2
√
3a/2 0) (0 0 c) (k -m 0) (k m 0) (0 0 p) K= (1/3 1/3 0)
K’=(-1/3 -1/3 0)
ML ”e” (a 0 0) (0
√
3a 0) (0 0 c) (k 0 0) (0 m 0) (0 0 p) K=(-1/3 0 0)
K’=(1/3 0 0)
bulk ”p” (a/2
√
3a/2 0) (-a/2 -
√
3a/2 0) (-w 0 c) (k m t) (-k m -t) (0 0 p1) K=( 1
3
- 1
3
- 2t
3p1
)
K’=(- 1
3
1
3
2t
3p1
)
Bulk ”e” (a 0 0) (0
√
3a 0) (-w 0 c) (k 0 t) (0 m 0) (0 0 p1) K=(-1/3 0 -2t/(3p1))
K’=(1/3 0 2t/(3p1))
TABLE S2. Calculated band gaps, valence and conduction edges, and effective masses of monolayer for various magnetic
states of Mn ions. The symbol D, sD, ID in parenthesis indicate the direct band gap, semi direct band gap, indirect band
gap, respectively. Note that the sD band gap occurs in very close vicinity of high symmetry K point in BZ, and in good
approximation can be further considered as direct. The m
‖
1 and m
‖
2 are determined along (1 0 0) and (0 1 0) directions in
Cartesian reciprocal space, respectively and are given in me unit.
magn. U [eV] band gap [eV] VBM CBM m
‖
1, m
‖
2 - hole [me] m
‖
1, m
‖
2 - electron [me]
AFM-N 3 2.206 (D) K K -1.26, -1.25 0.68, 0.68
5 2.502 (D) K K -0.96, -0.95 0.58, 0.58
AFM-z 3 1.969 (sD) near K near K -1.34, -0.90 0.61 0.90
5 2.345 (sD) near K near K -1.03, -0.85 0.55, 0.71
AFM-s 3 1.795 (D) K K -0.79, -0.77 0.77, 0.53
5 2.207 (D) K K -0.78, -0.73 0.62, 0.51
FM 3 ↑ 2.268 (D) K K -0.60, -0.60 0.40, 0.40
5 ↑ 2.412 (ID) K Γ -0.60, -0.60 0.30, 0.30
7TABLE S3. Calculated band gaps for various magnetic states of Mn atoms for the bulk. The fractional coordinates of the
valence band maximum (VBM) and conduction band minimum (CBM) given in reciprocal lattice vectors (RLV) are collected
in the columns 5 and 6, respectively. Note, that the coordinates of the high symmetry K point folded to the ”e” supercel (sc)
for AFM-z and AFM-s is (1/3 0 0.22)in RLV (or any equivalent point from symmetry), whereas in the case of ”p” supercell
for FM and AFM-N states is (1/3 -1/3 0.22) in RLV (or any equivalent point from symmetry), which have been calculated
accordingly with the values given in Table S1.
magn. state U [eV] band gap [eV] k-point of VBM k-point of CBM sc mass hole [me] electron [me] electron [me]
AFM-N 3 2.041 (ID) (2.054 D) (1/3 -1/3 0.279) (-1/3 1/3 0.426) p m1 -1.15 0.60 0.80
∆ID−Dgap = 13 meV m
‖
2 -1.27 0.69 0.70
m3 -2.25 5 -7.27
Θ 57.0 2.9 5.58
5 2.352 (ID) (2.369 D) (1/3 -1/3 0.279) (-1/3, 1/3, 0.44) p m1 -1.15 0.51 0.70
∆ID−Dgap = 17 meV m
‖
2 -0.96 0.59 0.60
m3 -2.11 4.17 -6.04
Θ 30.0 2.8 5.01
AFM-z 3 1.828 (ID) (1.840 D) (-0.300 0 0.289) (1/3 0 0.441) e m1 -1 0.56 0.62
∆ID−Dgap = 12 meV m
‖
2 -0.86 0.98 0.99
m3 -4.13 5.09 -31.16
Θ 30.9 2.7 5.85
5 2.212 (ID) (2.225 D) (-1/3 0 0.317) (1/3 0 0.454) e m1 -0.86 0.49 0.59
∆ID−Dgap = 13 meV m
‖
2 -0.91 0.74 0.73
m3 -3.63 4.01 107.52
Θ 16.2 3.0 5.01
AFM-s 3 1.653 (ID) (1.656 D) (0.367 0 0.427) (1/3 0 0.482) e m1 -0.63 0.7 0.76
∆ID−Dgap = 3 meV m
‖
2 -0.87 0.55 0.52
m3 -1.97 5.29 5.67
Θ 2.6 6.5 4.44
5 2.066 (ID) (2.067 D) (0.367 0 0.441) (1/3 0 0.482) e m1 -0.64 0.56 0.60
∆ID−Dgap = 1 meV m
‖
2 -0.92 0.53 0.52
m3 -2.17 ) 4.12 4.35
Θ 4.4 4.9 3.63
FM (↑) 3 2.096 (ID) ( ...D) (-1/3 0 0.414) (1/3 0 0.414) e m1 -0.54 0.44 0.43
m
‖
2 -0.56 0.42 0.44
m3 -4.05 -4.20 -1.88
Θ 5.3 0 3.14
5 2.276 (ID) (2.419 D) (-1/3 0 0.400) (0 0 0) e m1 -0.54 0.26 0.43
∆ID−Dgap = 143 meV m
‖
2 -0.57 0.27 0.45
m3 -4.15 1.63 -1.94
Θ 5.2 4.3 3.4
8TABLE S4. BULK-Static real part components of dielectric
tensor εˆ1(ω = 0) given in Cartesian coordinates for different
approximations: IP - independent particle approximation, ex-
cluding Hartree and local field effects; TD-DFT - including
local field effects in DFT. εˆr= εˆ1(ω = 0) = εij
Magn. U [eV] χ
‖
ML [A˚] χ
‖
BULK [A˚] BULK εxx = εyy , εzz
AFM-N 3 3.45 3.66 7.75 5.88
5 3.25 3.45 7.33 5.67
AFM-z 3 3.45 3.65 7.72 5.84
5 3.25 3.60 7.60 5.82
AFM-s 3 3.42 3.63 7.68 5.86
5 3.24 3.58 7.56 5.83
FM 3 3.38 3.58 7.59 5.79
5 3.32 3.41 7.27 5.64
TABLE S5. Exciton binding energies for bulk MnPS3.
direct indirect
U=3eV U=5eV U=3eV U=5eV
AFM-N 177.09 185.21 150.83 151.31
AFM-s 137.15 135.87 136.15 133.97
AFM-z 177.33 170.77 159.94 150.26
FM 160.69 92.43
TABLE S6. Exciton binding energies for monolayer MnPS3 considering different values of the effective dielectric constant of
the surroundings.
AFM-N AFM-z AFM-s FM
ε U=3eV U=5eV U=3eV U=5eV U=3eV U=5eV U=3eV U=5eV
1 1027.01 1017.06 1022.86 1025.83 971.85 987.48 881.07 843.90
2 672.11 651.27 668.75 658.32 623.32 625.72 545.45 512.12
3 493.07 469.35 490.12 475.83 450.17 447.55 383.02 354.16
4 382.86 359.18 380.00 364.55 344.89 339.84 286.87 262.22
5 307.39 285.29 304.96 290.02 273.68 268.17 223.63 202.21
